We calculate the second-order streaming force in a fluid in the vicinity of the solid/fluid interface for two systems of importance in the technology of megasonic cleaning of silicon wafers. The first system consists of a single planar interface between a solid elastic medium representing silicon and a viscous fluid, namely water. The second system accounts for the finite thickness of silicon wafers. It is composed of one silicon slab ͑wafer͒ immersed in water. The components of the streaming force parallel and normal to the silicon/water interface are determined as functions of frequency and wave vector of the incident acoustic wave. The normal component of the streaming force is used to calculate the removal force defined as the net force perpendicular to the solid/fluid interface acting on a spherical contaminant particle adhering to the silicon surface. The removal force is too small to remove submicron particles. In contrast the streaming force parallel to the solid/fluid interface may remove particles by pushing or rolling them. The streaming force is shown to be very sensitive to the angle the incident acoustic wave makes with the silicon/water interface.
I. INTRODUCTION
Megasonic waves have been extensively used to remove contaminant particles from silicon wafers during manufacturing of semiconductor devices. In this process, planar silicon wafers are immersed in a water-based solution and subjected to a beam of sonic energy with a frequency in the range 600 KHz-1 MHz. The acoustic wave propagates typically along directions parallel to the wafer/fluid interface. Much of the work in the area of megasonic cleaning has been directed towards finding conditions such as megasonic power and duration of field to optimize particle removal. Several processes are known or believed to be operative in a megasonic field, namely microcavitation, acoustic streaming, and pressure induced chemical effects. However, it has not been established to any reasonable degree of confidence whether these phenomena are responsible for particle removal. A brief review of the mechanisms that have been claimed to be responsible for the cleaning action in a megasonic field is pertinent at this stage.
The megasonic waves can be visualized as pressure variations propagating into the fluid at the speed of sound. When a sonic wave passes over a solid particle, the pressure gradient in that wave exerts a force acting on that particle. 1 Since the pressure front typically propagates parallel to the surface of the wafer, the acoustic force on an adsorbed particle is parallel to the wafer surface and should not be able to dislodge the particle by opposing the adhesion force. This force may only push the particle along the surface of the wafer. Olim 1 has shown that the acoustic pressure force on an isolated particle in water is proportional to the cube of the diameter of the particle. This author has then estimated that for particles with a diameter less than 0.35 m, the pressure force is smaller than the adhesion force and that megasonic cleaning in absence of any other cleaning mechanism will not be efficient. Olim's model neither accounts for the interaction of the incident acoustic wave with the wafer nor its scattering by the contaminant particle. A more realistic model of the acoustic pressure field has been derived by Wu. 2 However, this model is limited to a single wafer immersed in a nonviscous fluid and was not used to determine the pressure force on deposited contaminant particles. We have recently calculated the acoustic pressure force due to scattering of a megasonic wave by a submicron particle deposited on a silicon substrate. 3 We have shown that scattering of the acoustic wave by deposited submicron particles is negligible and that the pressure field in the vicinity of the solid/fluid interface is primarily controlled by transmission and reflection. Since efficient particle removal is expected to result from processes that are associated with high energy densities, the scattering of an incident acoustic wave with millimeter wavelength by a submicron particle adhering at a wafer/water interface is unlikely to lead to a sufficient energy concentration.
Microcavitation is produced by the pressure variations in sound waves moving through the liquid. Cavitation bubbles are formed by the low-pressure components of the acoustic wave. This component causes a hole or cavity to form in the liquid. This cavity implodes when the walls can no longer sustain the compressive forces. During cavitation, the formation of a cavity and its subsequent collapse is able to concentrate the low energy density of the sound wave into a very small volume leading locally to very high pressures and temperatures. The contaminant particles may serve as nucleation centers that cause the cavities to collapse before they can fully develop. The transfer of energy from the cavities to the particles may therefore dislodge the particles. Cavitation appears to be an important mechanism in ultrasonic cleaning. However, it had been claimed that in megasonic cleaning the time between megasonic pulses on the order of 1.25 s is too short for the formation of cavities. 4 Following this argument, Shwartzman et al. 4 suggested that the cleaning action in megasonic cleaning resulted from rocking action due to highpressure waves rather than cavitation. More recently, however, cavitation was detected in a megasonic tank by sonoluminescence. 5 These experimental measurements indicate that the maximum cavitation intensity occurs near the water surface of the megasonic tank. It may then be concluded from this observation that this cleaning mechanism should not result in effective particle removal since the transient cavitation activity is concentrated near the water surface and therefore will not affect most of the wafer area. 5 However, the presence of stable cavitation throughout the megasonic cleaning tank may probably assist cleaning efficiency by introducing microstreaming currents near the wafer surface.
The loss of acoustic momentum that results from attenuation or dissipation of the sound field in a viscous fluid may result in a time-independent fluid motion ͑stationary vortices͒, known as acoustic streaming. 6 When considering the acoustic field in a viscous medium, viscosity leads to timeindependent second-order effects such as acoustic streaming. Acoustic streaming may be treated as a nonlinear correction to the linear ͑first-order͒ acoustic field. Acoustic streaming can occur either in a free nonuniform sound field or near obstacles immersed in the sound field. There are several types of acoustic streaming classified in terms of scale, namely Eckart's quartz-wind-like streaming, 7 Schlichting streaming in boundary layers 8 and microstreaming near secondary sound sources such as oscillating bubbles or vibrating particles on surfaces. 9 The boundary conditions imposed on the acoustic field at the interface between a solid and a viscous fluid result in the fluid flow within a viscous boundary layer near the interface known as Schlichting streaming. Eckart streaming occurs outside the acoustic boundary layer. Eckart streaming is generated by a free nonuniform attenuated sound field that has the inhomogenity scale significantly larger than the acoustic wavelength. Microstreaming is another type of microscale streaming. It is associated with fluid vortices resulting from secondary sound sources such as sound waves scattered by oscillating bubbles in a viscous medium.
Megasonic cleaning efficiency is often improved when using a chemically active cleaning medium such as SC1 cleaning solutions. SC1 cleaning solutions are water-based solutions of hydrogen peroxide and ammonia. The ability of a megasonic field to induce interesting chemical effects has been reported. 10 In water containing nitrogen gas, application of a megasonic field has been shown to create NH4 ϩ and NO 3 Ϫ ions. In hydrogen peroxide solutions, hydroxyl radicals ͑OH͒ appear to form in the presence of a megasonic field. However, it is not known whether a megasonic field can enhance the dissolution materials such as SiO 2 through the formation of such species. The most commonly accepted mechanism for particle removal from Si surfaces using SC1 solutions is that the peroxide in the solution creates a thin oxide film which is then etched by ammonium hydroxide. Particles are presumed to be removed during the etching of the oxide. The etch rate of oxide in conventional SC1 solutions has been measured to be approximately 0.3 nm/min. In more dilute solutions, the etch rate may be expected to be even smaller and consequently the ''oxide etch'' theory for particle removal has come under some criticism. Since the use of megasonic energy in dilute SC1 solutions is effective in removing particles from wafer surfaces, it is possible that the etch rate of oxide is increased by the megasonic field.
The preceding brief review of the current understanding of some of the mechanisms that may be responsible for the cleaning action in megasonic tanks demonstrates a clear need for a more fundamental study of the megasonic cleaning process. Experimental studies of megasonic cleaning are clouded by the overlap of the possible mechanisms. The complexity of some of these mechanisms added to the very small spatial scales involved render the design of unambiguous experiments difficult. To date experimental investigations have not been able to pin point the exact mechanism of particle removal by megasonic waves and only empirical methods have allowed advancement in megasonic particle removal. We have therefore elected to undertake a theoretical study of the megasonic cleaning and in particular of some of the individual phenomena that are susceptible to removing contaminant particles from silicon wafers.
The primary objective of the present article is to investigate, theoretically, phenomena associated with secondorder sound fields such as acoustic streaming and more, specifically Schlichting streaming on particle removal during megasonic cleaning. This theoretical study consists of two parts, namely the calculation of the time-dependent ͑first-order͒ acoustic displacement field at solid/viscous-fluid interfaces, followed by the calculation of the time-independent ͑second-order͒ pressure field.
The nonlinear motion in a viscous fluid is governed by the Navier-Stokes equation. For small velocities, NavierStokes equation can be linearized. This linearized equation for sound propagation in a fluid is completely analogous to that of elasticity theory for an isotropic solid where the longitudinal and transverse sound velocities are replaced by complex numbers. Solving for the acoustic field near a solid immersed in a viscous fluid requires a simultaneous treatment of the Navier-Stokes equation for the fluid and the elastic wave equation for the solid with appropriate boundary conditions at the interfaces. We use the method of the interface response theory ͑IRT͒ based on the formalism of Green's functions 11 to calculate the first-order acoustic dis-placement field. The IRT provides an attractive framework for the calculation of acoustic properties of inhomogeneous media. The response function ͑e.g., acoustic Green's function͒ of an inhomogeneous medium ͑e.g., wafer in a fluid͒ can be calculated in terms of the known bulk Green's functions of each constitutive subsystem ͑wafer or fluid͒ and ''interface response operators'' which account for the geometry of the various interfaces. The Green's function formalism is then applied to the calculation of first-order velocity field due to scattering of an incident acoustic wave by: ͑1͒ a semiinfinite solid/viscous-fluid interface ͑i.e., a semi-infinite elastic solid in contact along its surface with a semi-infinite viscous fluid͒; ͑2͒ a wafer immersed in a viscous fluid modelled as a slab of elastic solid sandwiched between two semiinfinite viscous fluid media. For the calculation of second-order corrections to the sound field, a method developed by Nyborg 12 is used. Starting with the nonlinear Navier-Stokes equation, Nyborg makes the approximation that its solution is the superposition of first-order and second-order contributions to the displacement ͑or velocity͒ field. The first term varies sinusoidally in time with a frequency and thus represents the first-order sound field. The second-order term is time independent and may give rise to acoustic streaming. In Nyborg's approach, one begins by determining the first-order approximation to the velocity ͑this is the sound field calculated with the Green's function method͒, then one uses this in getting a second-order approximation. Nyborg defines the streaming force F in terms of the time average over several sonic cycles of gradients of the first-order velocity field. The streaming force F can then be interpreted as the time rate of increase of momentum in the fluid. It is equivalent to some external force field that, provided flow is not constrained, may be driving the fluid into streaming motion. If the fluid is constrained not to flow then the streaming force is balanced by the gradient of the second-order acoustic pressure.
This article is organized as follows. In Sec. II we introduce the methods and models with some details. Section III reports on the results for the streaming force obtained in the case of a single silicon/water interface and of a silicon slab ͑wafer͒ immersed in water. The removal force on a spherical contaminant particle resulting from the streaming force is calculated in Sec. IV. In this same section, we compare the removal force to the adhesion force that drives the particle toward the silicon surface. There we consider only the contribution of the van der Waals forces to adhesion. Several cases previously analyzed in Sec. III are studied. Finally, we draw some conclusions concerning the effect of the streaming force on particle removal in megasonic cleaning.
II. MODELS AND METHOD

A. Models
In a typical megasonic cleaning tank, several wafers are cleaned at one time. The wafers are arranged parallel to each other in cassettes. The medium through which the megasonic waves propagate is inhomogeneous and may therefore be simply represented as a layered composite consisting of alternating silicon slabs separated by water-based fluid layers.
Since wafer diameters are significantly larger than the wavelength of megasonic waves, the layered composite is treated here as being infinite in directions parallel to the wafer/fluid interfaces. Furthermore, for the sake of simplicity of the models we take the solid medium as being isotropic. In this article we consider two multilayer geometries. First, we investigate the interaction between an incident acoustic wave and a single interface between two semi-infinite homogeneous media composed of silicon and water, respectively. This system will be called the silicon/water system. This simple interface is used to establish the mathematical procedure for calculating the second-order sound field. A more realistic geometry corresponding to one wafer immersed in water is then treated. This system with two parallel interfaces is modeled as a solid slab of silicon separating two semiinfinite media of water. Since the radius of a silicon wafer exceeds by far its thickness, the slab is considered to be of infinite length. We will refer to that system as the water/ silicon/water system. Figure 1 illustrates the type of layered composite systems studied in this article. All interfaces are chosen to be perpendicular to the axis X 3 of a Cartesian coordinate system (X 1 ,X 2 ,X 3 ).
B. First-order "linear… equations of motion and Green's function formalism
In this subsection we formulate the equations necessary to describe motion in an elastic solid ͑silicon͒ and a viscous fluid ͑water͒. The equation of motion for the displacement u ␣ , ␣ϭ1,2,3 of a point in an infinite homogeneous threedimensional elastic material is FIG. 1. Illustration of the two inhomogeneous systems studied, ͑a͒ the silicon/water system and ͑b͒ the water/silicon/water system.
where is the mass density, ü ␣ the second derivative with respect to the time t of u ␣ and ␣␤ the stress tensor
͑2͒
C ␣␤ are the usual elastic constants and the deformation tensor
͑3͒
With these definitions and assuming that the fluid excitations execute harmonic motion with pulsation ͑ϭ2 where is the frequency͒ and a time dependence e Ϫit , the equation of motion ͑1͒ becomes
For an isotropic elastic medium
with C 12 ϭC 11 Ϫ2C 44 . The symbol ␦ i j is the Kroenecker symbol equal to 1 when iϭ j and 0 when i is different from j. The longitudinal and transverse plane wave velocities, C l and C t , are given respectively by the relations
If we introduce in Eq. ͑4͒ the operator
we may define the bulk response function ͑or Green's function͒, G (r,rЈ), as the solution of the equation
͑8͒
Since one will later deal with inhomogeneous media separated by parallel interfaces, it is convenient to make a Fourier analysis of the Green's function parallel to a plane (X 3 ϭ0). We further apply a rotation of the X 1 , X 2 axes that brings the X 1 axis along the wave vector k ʈ parallel to the plane. After these transformations, Eq. ͑8͒ becomes
͑9͒
In the preceding equation G stands for G (k ʈ ͉X 3 ,X 3 Ј).
Let us recall that Eq. ͑9͒ leads to G 12 ϭG 21 ϭG 23 ϭG 32 ϭ0, that is a decoupling between sagittal and transverse polarizations. The motion of the bulk fluid, in the absence of external forces, is governed by the Navier-Stokes equation
where v is the velocity, the density, and Ј the coefficients of shear and dilatation viscosity, and p the pressure. For small velocities, Eq. ͑10͒ can be linearized after neglecting the term ͑v•ٌ͒v. Assuming, as in the case of the solid, that the fluid excitations execute harmonic motion with pulsation , the velocity v is related to the displacement u by
vϭϪiu. ͑11͒
Finally, we assume that the pressure term in Eq. ͑10͒ is due only to the density fluctuations giving rise to dilatation and compression of the fluid. That is, we neglect the contribution due to thermal fluctuations. Then
where is the compressibility of the fluid which is related to the ͑longitudinal͒ sound velocity C via
With the above assumptions, the stress tensor in the liquid can be written as
This form of the stress tensor is completely analogous to that obtained in elasticity theory for an isotropic solid. The following correspondences should be made:
where C l( f ) and C t( f ) are the fluid equivalent of the velocities of the longitudinal and transverse sound waves in a solid. The derivation of the bulk Green's function of the viscous fluid can be done step by step along the same lines as for the isotropic solid. The Green's function of the fluid is therefore given by Eq. ͑9͒ provided the velocities of the sound waves are replaced by those given in Eq. ͑15͒. The Green's function of a bulk homogeneous elastic medium is reported in the appendix in the form of Eq. ͑A1͒.
C. Interface response theory
The IRT 11 allows for the construction of the Green's function of an inhomogeneous medium in terms of the Green's functions of the block constituents of the composite. The Green's function of a composite medium can be written in the form of an interface integral equation
where D represents the space of the entire inhomogeneous medium, M is the total domain of interfaces, and D i is the space in which the constitutive block i is defined. In the case of layered composites media, using two-dimensional Fourier transforms of the Green's function in a plane parallel to the interfaces, the domain of the interfaces reduces to points along the X 3 axis, thus the integrals in Eq. ͑16͒ reduce to discrete sums over these points. We note that in order to solve for g J (r,rЈ) using Eq. ͑16͒, one needs to know its form in the domain of the interfaces, g J (r M ,r M Љ ). According to the IRT, the inverse of the Green's function of the inhomogeneous medium defined in the domain of the interfaces may be expressed in terms of the inverse Green's function of the constitutive blocks defined in the domain of their surfaces, such that
with M i j standing for the interface between the constitutive blocks i and j. In Eq. ͑18͒ g J s stands for the Green's function of the constitutive blocks with free surfaces. All the boundary conditions ͑e.g., continuity of displacement͒ at the interfaces are satisfied through Eq. ͑18͒. The inhomogeneous media considered in this study are composed of semi-infinite media and slabs. The Green's function of a semi-infinite medium or a slab is obtained from the bulk Green's function defined previously. In the presence of a free surface or free surfaces, Eq. ͑9͒ has to be solved subject to the boundary conditions expressing the absence of stress at the surface. The inverse of the Green's function at the surface of a semiinfinite elastic medium and at the surfaces of an elastic slab have been reported in the literature and presented in the appendix.
In addition to the Green's function, the IRT allows for the determination of the elastic displacement field resulting from the scattering of an incident wave by the interfaces in the inhomogeneous medium. If U͑r͒ represents a bulk incident wave launched in one homogeneous piece of the composite system, the displacement field, u͑r͒, including all the waves reflected and transmitted by the interfaces is then given by the relation
with Eq. ͑17͒ still applying. Finally, the total variation of the density of vibrational states ⌬n() between the composite system and a reference system may be determined from the knowledge of g J Ϫ1 in the space of the interfaces. 11 For layered composites it is convenient to use a matrix representation of the inverse of the Green's function in the space M, namely, g J Ϫ1 (M ,M ). With such a notation, the total variation in density of states is given by
where ref stands for the reference system. At this stage we have at hand the tools to characterize the first-order ͑time-dependent͒ acoustic field at an interface between an isotropic elastic solid and a viscous fluid. In the next section we show following Nyborg 12 that this first-order sound field can be used to determine the time-independent second-order solution to the nonlinear Navier-Stokes equation.
D. Second-order "nonlinear… correction to sound field: Nyborg's method
To determine the time-independent second-order solution to the nonlinear Navier-Stokes equation, we use a method developed by Nyborg 12 to calculate second-order corrections to the acoustic field in a viscous fluid. Starting with the nonlinear Navier-Stokes equation, Nyborg makes the approximation that its solution is the superposition of a steady-state sound field and a steady flow. The velocity, pressure, and density fields are therefore written as
Here, p 0 and 0 are some static pressure and the density of the fluid in absence of acoustic field. 
where F is an effective source force of streaming related to the first-order velocity v 1 by
͑23͒
The brackets ͗ ͘ indicate that a time average is taken over several sonic cycles. With Nyborg's approach, one begins by determining the first-order approximation to the velocity ͑this is the sound field calculated with the Green's function method or IRT͒, then one uses this in getting a second-order approximation. Equation ͑23͒ can be simplified in the case of layered composites. We first recall that one can make a Fourier analysis of the displacement field parallel to the plane of the interfaces, namely the plane X 3 ϭ0. Provided that we have chosen the X 1 , X 2 axes such that the two-dimensional wavevector k ʈ is parallel to X 1 , the components of the first-order displacement field u 1 take the form in complex notation
with u 1 ϭRe͕ũ 1 ͖ where Re stands for the real part of the complex quantity ũ 1 .
The components of the first-order velocity v 1 , in complex notation, are therefore given by
with v 1 ϭRe͕ṽ 1 ͖. ͬͪ .
͑27͒
In Eq. ͑27͒ ū denotes in short ũ (k ʈ ͉X 3 ) and k ʈ Љ is the imaginary part of the modulus of the complex wave vector k ʈ (k ʈ ϭk ʈ
Јϩik ʈ Љ). The relations in Eq. ͑27͒ provide a simple mean of calculating the acoustic streaming force from the knowledge of the first-order acoustic displacement field.
E. Second-order acoustic forces on deposited particle
During megasonic cleaning, a contaminant solid particle adhering to the surface of a wafer may be removed if it is subjected to a force counteracting the adhesion force. Since the attractive adhesion force is perpendicular to the silicon/ water interface and oriented toward the solid, the removal force also has to be normal to the surface but directed in the opposite direction. Considering the effect of the secondorder sound field on particle removal, only the component of the streaming force F 3 may give rise to such a removal force. Here, we also make the assumption that the solid particle does not alter the first-order sound field. This approximation is justified since the contaminant particles we are considering have diameters on the order of 1 m or smaller, and that the wavelength of the incident acoustic wave is on the order of a millimeter.
The net force due to the second-order sound field acting on a particle subjected to the time-independent second-order pressure field p 2 is
where the integral is over the surface of the particle and n is the normal to that surface. Upon conversion of the surface integral into a volume integral, the second-order net force becomes
We insert Eq. ͑22͒ into Eq. ͑29͒ to obtain
The silicon/water interface prevents the fluid from flowing in directions parallel to the axis X 3 , and the component of the streaming velocity in that direction is zero. The removal force may then be defined as the third component of the second-order force f 3 via
In order to calculate the removal force it is therefore only necessary to determine the component of the streaming force perpendicular to the wafer/water interface. The first component of the second-order force f 1 cannot be calculated from the streaming force F 1 since in that direction the fluid is set in motion and we do not know the streaming velocity, v 2 ͓see Eq. ͑30͔͒. We anticipate however, that a strong F 1 will result in large streaming velocities near the silicon/water interface and therefore strong drag forces on contaminant particles in that direction. We therefore associate qualitatively in the rest of the article, a large F 1 to large forces that may pull/push or roll contaminant particles adhering to the wafer surface.
III. RESULTS
A. SiliconÕwater system
Let us illustrate the procedure for obtaining the displacement field in an inhomogeneous medium composed of two semi-infinite media separated by a single planar interface subjected to an incident acoustic wave. We locate the interface at X 3 ϭ0 and denote by ͑1͒ the medium to the left of the interface ͑silicon͒ and by ͑2͒ the water to the right of the interface. We assume that the incident wave is launched in the liquid ͓medium ͑2͔͒ toward the silicon/water interface. The components of the displacement of the bulk wave is given in a two dimensional Fourier space parallel to the X 3 ϭ0 plane in the form
where B is the wave amplitude and iϭͱϪ1. Z is a normalizing factor equal to ͱ 1Ϫ(␣ l (2) /k ʈ ) 2 and ␣ l (2) is given in appendix.
The wave vector k ʈ of a bulk compressive ͑longitudinal͒ incident plane wave is related to the incidence angle the incoming wave makes with the normal to the interface, by the relation
The inverse of the Green's function, g J s Ϫ1 of a semi-infinite medium ''i'', bounded by a free surface at X 3 ϭ0, is given in the appendix as Eq. ͑A3͒. The inverse of the surface Green's functions of the two semi-infinite media are inserted into Eq. ͑18͒ to obtain the inverse of the surface Green's function of the solid/fluid inhomogeneous medium
The inverse of the Green's function is inserted in Eq. ͑20͒ to calculate the variation in density of vibrational states of the silicon/water interface. For this we have used the following data: a silicon density of 2.33ϫ10 3 kg/m 3 , a density of water of 10 3 kg/m 3 , longitudinal speed of sound in water of 1500 m/s, and transverse and longitudinal speed of sound in silicon of 5843 and 8433 m/s, respectively. The coefficient of dilatation viscosity Ј is chosen to be one third of the coefficient of shear viscosity, with ϭ10 Ϫ3 Pa s Ϫ1 . We have calculated the variation in density of state of the silicon/ water system according to Eq. ͑20͒ using a reference composed of one half of an infinite silicon medium and one half of an infinite water medium. Figure 2 reports on that variation in density of states as a function of pulsation at some given k ʈ . For computational convenience, we have chosen a real valued k ʈ because of the small magnitude of its imaginary part relative to its real part due to the low viscosity of water. This figure shows several interesting features. The feature around a pulsation of 1 Mrad/s corresponds to the lower bound of the bulk vibrational band of the fluid. However, a refinement of the density of states in this vicinity ͑see inset͒ indicates the presence of a peak below the bulk band of the fluid. This peak represents a Stoneley-Scholte surface wave localized in the liquid at the fluid/solid interface. A localized Stoneley-Scholte wave propagates in the fluid in a direction parallel to the solid/fluid interface. Its amplitude decays exponentially with distance from the solid/fluid interface. However, since the Stoneley-Scholte wave lies below the bulk band of the liquid it cannot be excited by an incident bulk wave originating from the liquid, such as one produced by the transducer in the megasonic tank. The sharp features near 3.9 and 5.6 Mrad/s are the lower limits of the transverse and longitudinal vibrational bulk bands of silicon. A broader peak located at 3.4 Mrad/s and below the bulk band of silicon is associated with a Rayleigh wave localized at the surface of the solid. This is a wave that propagates in the solid in a direction parallel to the interface which amplitude decreases exponentially inside the solid. The acoustic band structure of the silicon/water system is then reported in Fig.  3 . In this figure, we plot pulsation versus the wave vector. From our calculations we find that the dispersions relation for the Rayleigh and Stoneley-Scholte waves are given as ϭ5157k ʈ and 1499.36k ʈ , respectively.
The elastic displacement field in the fluid region ͑2͒ of the inhomogeneous system is derived from Eq. ͑19͒,
where G J 2 (k ʈ ͉X 3 ,X 3 Ј) is given in the appendix by replacing the appropriate elastic coefficients with those of Eq. ͑15͒. After lengthy algebraic manipulations, the components of the elastic displacement field in the water are obtained as
where r ϭϪ 1ϩ⑀ 
and
All other quantities have been defined previously. We combine Eq. ͑36͒, ͑37͒, ͑38͒, ͑39͒, and ͑27͒ to calculate the components of the streaming force. As a check for our method, we have verified, in the limit of a rigid solid/ water interface and an incident plane wave parallel to the interface, that the component F 1 of the streaming force takes the same analytical form as that reported by Nyborg. 12 It is also easy to verify analytically that in the case of a nonviscous fluid, the component F 1 ϭ0 since the conditions of continuity of the displacements at the solid/liquid interface does not have to be satisfied in the direction X 1 , that is, the fluid may slide freely on the solid.
We calculate numerically the components of the streaming force near the silicon/water interface in the case of traveling plane waves in the fluid and as a function of incidence angle of the incoming wave ͑see Fig. 4͒ . This force is calculated at 0.1 m from the interface and at a frequency typically used in megasonic cleaning of 700 kHz ͑ϭ4.398 Mrad/s͒. Again for the sake of simplicity in this calculation, we use a real k ʈ defined as k ʈ ϭ(/C) sin . The components of the streaming force along the interface F 1 is one to two orders of magnitude larger than F 3 . The streaming force does not vary significantly and remains small outside a narrow range of angles centered on the value corresponding to the excitation of the Rayleigh wave. The sign of F 3 changes drastically across the conditions for stimulating the Rayleigh wave. A positive F 3 gives rise to a removal force opposing the adhesion force acting on some contaminant particle. Adhesion is promoted by a negative F 3 . In Fig. 5 , we present F 3 as a function of X 3 in the vicinity of the silicon/water interface for two different conditions. These correspond to modes of vibration that can be excited by incident traveling plane waves, namely a plane wave grazing the interface exciting a fluid bulk mode ͓Fig. 5͑a͔͒ and a plane wave at an angle of 16.57°from the normal to the interface that stimulates the Rayleigh wave ͓Fig. 5͑b͔͒. In the two cases, the acoustic boundary layer where the sound field is controlled by the continuity condition of the solid and fluid displacements at the interface extends only over a very few micrometers owing to the low viscosity of water. An increase in shear viscosity has, for effect, to extend the acoustic boundary layer. The thickness of the acoustic boundary layer scales as ͱ/. Incident waves grazing the silicon/water interface ͓see Fig. 5͑a͔͒ , as is the case in a typical megasonic cleaning tank, produce an extremely small streaming force F 3 . The streaming force is essentially negligible outside the acoustic boundary layer. In contrast, the magnitude of F 3 is increased manyfold by choosing an angle of incidence that satisfies the dispersion relation for the Rayleigh wave ͓see Fig. 5͑b͔͒ . The force appears to be constant beyond a few micrometers, however, at large distances, extending over hundreds of micrometers, from the silicon/water interface, F 3 varies periodically with X 3 according to the factor sin 2␣ l (2)Љ X 3 where ␣ l (2)Љ is the imaginary part of the complex number ␣ l (2) . The very small value of water's coefficient of shear viscosity makes F 1 and F 3 almost independent of X 1 over distances on the order of millimeters.
In summary, excitation of the Rayleigh wave seems to be the most favorable case for contaminant particle removal from a single silicon/water interface.
B. WaterÕsiliconÕwater system
We model a silicon wafer by a slab of solid medium 1 of thickness d which surfaces are perpendicular to the axis X 3 and located at X 3 ϭϮd/2 ͓see Fig. 1͑b͔͒ . The inverse Green's function of the slab in the space of its surfaces is reported in the appendix ͓Eq. ͑A5͔͒. The silicon slab is coupled on its two sides to two semi-infinite media. The semi-infinite media are constituted of water ͑medium 2͒ and the inverse Green's function at their respective surface is obtained from Eq. ͑A3͒. The inverse of the Green's function of a silicon slab immersed in water, defined at the solid/fluid interfaces is then obtained from Eq. ͑18͒. The variation in density of vibrational states of this inhomogeneous medium is then determined numerically from Eq. ͑20͒ using an infinite water medium as reference system. We have taken a silicon slab of thickness dϭ0.64 mm as representative of a standard wafer. The speed of sound and coefficient of viscosity are the same as in Sec. III A. Figure 6 reports on the variation in density of states as a function of pulsation for the same real k ʈ used in the case of a single solid/water interface. The feature near 1 Mrad/s is again the lower limit of the bulk band of the fluid. The bulk band of the solid does not appear in this figure since the slab has finite dimensions along the axis X 3 . A finite slab possesses only discrete vibrational states that become resonant states when coupled to semiinfinite fluid media. The resonant states show as sharp peaks in the density of states within the bulk band of the fluid. We note that the pulsation at which these resonances occur corresponds to those of the lower bound of the transverse and longitudinal bulk bands of silicon. Finally, ⌬n exhibits a well-defined peak below the lower limit of the bulk band of water, for around 0.33 MHz. This peak is associated with the first flexural mode of vibration of the slab. 14 The flexural modes of higher order are not observed since their frequencies exceed those considered in this study. The first order flexural mode is localized within the fluid near the silicon wafer/water interface. This mode being localized in the liquid at the interface between a solid and a liquid, we will refer subsequently to this flexural mode as a wave of the Stoneley-Scholte type. Again, this surface wave cannot be excited by an incident plane wave launched from the liquid. We have verified that as the thickness of the slab increases, the number of resonant peaks and the pulsation of the Stoneley-Scholte wave increase. In the limit of an infinitely thick slab, one recovers the result of Fig. 2 , that is, the resonant states merge into a solid band, the pulsation of the Stoneley-Scholte wave approaches that of the bulk band of the liquid and a peak corresponding to the Rayleigh wave forms below the transverse bulk band of the solid. We have calculated the variation in density of states for several values of the wave vector, k ʈ . Figure 7 represents the dispersion relations (k ʈ ) for the Stoneley-Scholte wave, the bulk band of the fluid as well as the resonant states in the solid. The density of states calculated with the IRT includes all possible modes of vibration of the water/silicon/water system, including flexural modes of the wafer. However, in the case of a silicon wafer with a thickness of dϭ0.64 mm, the resonances associated with the flexural modes are unobservable in the range of frequencies and wave vectors (k ʈ ) considered. Indeed, in the long wavelength limit (k ʈ dӶ1) considered in this study, the lowest localized mode which corresponds to the first flexural mode ͑referred to as Stoneley-Scholte wave͒, cannot be excited by an incoming wave from the liquid, whereas the next flexural modes are situated at frequencies well above the frequency domain considered.
To calculate the first-order acoustic displacement field in the fluid near the slab, we insert into Eq. ͑19͒, the inverse of g J Ϫ1 (M M ) along with the Green's function of bulk water and the displacement of an incident wave with the form given by Eq. ͑30͒. The first-order displacement field is then used to determine the components of the second-order streaming force according to Eq. ͑27͒. The two components of the streaming force at a fixed location from the X 3 ϭ ϩd/2 slab/water interface as a function of incidence angle are reported in Fig. 8 . Here, we consider an incident plane wave originating in the fluid of pulsation 4.398 Mrad/s.
Again the component of the force F 1 exceeds F 3 by up to two orders of magnitude. F 1 shows a sharp increase at an angle of incidence ϳ10°͑or k ʈ ϳ500 m Ϫ1 ) corresponding to the resonant state associated with the longitudinal mode of the solid.
Finally, we illustrate the variation of F 3 and F 1 with distance from the slab/water interface in Figs. 9 and 10 for incident waves with two different incidence angles, namely a grazing plane wave ͓Figs. 9͑a͒ and 10͑a͔͒ and a plane wave with an incidence of 31°͓Figs. 9͑b͒ and 10͑b͔͒. In all cases, owing to the small viscosity of water, the acoustic boundary layer does not exceed 3 m. The acoustic streaming force perpendicular to the wafer/water interface is negligibly small in the case of a grazing incident wave ͓Fig. 9͑a͔͒. On the other hand, at an optimum incidence of 31°͓Fig. 9͑b͔͒, a significant positive force exists inside the fluid extending over a wide range of distances from the interface. The streaming force parallel to the silicon/water interface F 1 shows similar behaviors although it exceeds the force F 3 by one to two orders of magnitude. Beyond the distances reported in Figs. 9 and 10, F 1 and F 3 vary sinusoidally in a manner similar to the case of a single solid/water interface.
IV. COMPARISON BETWEEN SECOND-ORDER ACOUSTIC FORCES AND PARTICLE ADHESION FORCE
To calculate removal forces, we consider two particular cases. The first case is that of the silicon/water system with an incident plane wave of pulsation ϭ4.398 Mrad/s ͑ ϭ700 kHz͒ and an incident angle ϭ16.57°. These conditions correspond to the excitation of the Rayleigh wave. For the purpose of estimating the removal force, we neglect the variation of F 3 within the acoustic boundary layer and assume that it takes its minimum value of F 3 /B 2 Ϸ0.96 ϫ10 20 N/m 5 for all X 3 's ͓see Fig. 5͑b͔͒ . In this case the removal force given by Eq. ͑31͒ takes the simpler form f 3 ϭ0.96ϫ10
20 B 2 V where V is the volume of the particle. For a spherical particle of radius r 0 , V ϭ 4 3 r 0 3 , the removal force scales as the cube of the radius of the particle. In addition, it varies as the square of the incident wave's displacement amplitude. For megasonic transducers and typical megasonic cleaning conditions, the displacement amplitude is on the order of 1ϫ10 Ϫ6 m. 15 The second case, investigated here, corresponds to a silicon wafer immersed in water ͑water/silicon/water system͒ with a pulsation ϭ4.398 Mrad/s ͑ϭ700 kHz͒ and an incident angle ϭ31°. Again for the sake of simplicity, the variation of F 3 with distance as illustrated in Fig. 9 is neglected and we take F 3 /B 2 Ϸ0.32ϫ10 20 N/m 5 for all X 3 's. With this, the removal force acting on a spherical particle is given by the simple relation: f 3 ϭ0.32ϫ10
20 B 2 4 3 r 0 3 . The London-van der Waals adhesion force is usually considered to be the dominant force for short distances in particle adhesion. 6 The van der Waals force of adhesion between a spherical particle and a planar surface is given by
where X 3 is the distance of the center of the particle to the surface. The effective Hamaker constant A 132 is a function of the material constituting the particle ͑material 1͒, the surface ͑material 2͒, and the medium surrounding the particle/ surface system ͑material 3͒. Here, we consider the case of a silica contaminant particle in water adhering to a wafer coated with a thin layer of silica. Since the silica layer on the wafer surface is extremely thin compared to the wavelength of the acoustic waves considered here, it will not affect the results for the streaming force. The Hamaker constant for that system is A 132 ϭ0.83ϫ10 Ϫ20 J. 17, 18 In the case of a particle nearly in contact with the surface, the separation distance, X 3 Ϫr 0 , is only on the order of a few angstroms. 19 We select three values: X 3 Ϫr 0 ϭ5, 7, 10 Å as a representative set of separation distances.
In Fig. 11 , we report on the variation with particle radius of the removal forces due to a Rayleigh wave at a solid/fluid interface, a bulk wave for a wafer in water as well as van der Waals adhesive forces.
The removal forces associated with the Rayleigh and bulk wave cross the adhesive forces at radii exceeding several micrometers. The second-order streaming force F 3 is therefore only capable of removing large contaminant particles from silicon wafers. However, for small particles, the adhesive force dominates and the component of the removal force perpendicular to the solid/fluid interface is not sufficient to remove particles. We note, though, that the streaming force along the solid/fluid interface was several orders of FIG. 10 . Component of the streaming force parallel to the silicon/water interface as a function of distance from one silicon/water interface in the case of incident waves with incident angles equal to ͑a͒ ϳ90°and ͑b͒ 31°. The system is composed of a silicon slab immersed in water.
FIG. 11. Removal and adhesion forces on a spherical particle adhering to the silicon surface as a function of particle radius. The adhesion forces represented as dotted lines are for three different separation distances between the particle and the silicon surface, namely 5, 7, and 10 Å. The dashed-dotted line stands for the removal force in the case of the silicon/ water system for an excited Rayleigh wave. The dashed line refers to the water/silicon/water system and excitation of a bulk wave ͓see Fig. 9͑b͒ for details͔.
magnitude larger than the component along X 3 . This streaming force may then serve as a mechanism for wafer cleaning by rolling and tugging the particles along its surface. The contaminant particles will be removed from the wafer surface when they reach the edge of the wafer. The direction of motion of the contaminant particle along the wafer is determined by the sign of F 1 .
V. CONCLUSIONS
We have calculated the first-order acoustic field in the case of a single interface between silicon and water and a silicon slab immersed in water. The solid was treated as an isotropic elastic medium and water as a viscous fluid. The first-order acoustic field was then used to determine the second-order streaming force that allows us to estimate the removal force that acts on a spherical contaminant particle adhering to the solid surface. The removal force was then compared to the van der Waals adhesion force between a silica particle and a flat silicon surface in water. We found that in general the removal force resulting from the secondorder acoustic field is too small to remove submicron particle. However, the component of the streaming force parallel to the solid/fluid interface F 1 is orders of magnitude larger than the component F 3 . In this case, F 1 may lead to particle removal by a rolling and tugging mechanism as suggested by some authors. 20 In the literature on megasonic cleaning it has been customary to compare the magnitude of the force acting on the contaminant particle along the silicon/ water interface to the adhesion force. 6 This practice does not reflect the fact that these two forces have directions perpendicular to each other. There is no resisting force to the motion of the particle in the direction parallel to the silicon/ water interface but a friction force at the particle/silicon interface. The fluid flow in the direction X 1 due to the streaming force F 1 will lead to a drag force that may push a contaminant particle or roll it depending on the magnitude of the friction force. A detailed study of this mechanism will be the subject of a subsequent publication. Finally, we have shown that subjecting a silicon wafer to a grazing incident acoustic wave as is traditionally done in megasonic cleaning tanks may not lead to an optimum cleaning efficiency. Indeed we have shown that the normal and parallel components of the streaming force are strongly dependent on the incidence angle of the incoming wave. Our results suggest that cleaning efficiency may be improved by subjecting a wafer to incident acoustic waves sampling a wide range of incidence angles. We recall that excitation of the longitudinal resonant mode of the wafer at an incidence of 10°͑frequency of 700 kHz͒ yields a very strong positive streaming force F 1 . These results further support the recently developed high-efficiency single-wafer megasonic cleaning technology using a cylindrical quartz crystal positioned parallel to the top surface of a wafer that generates acoustic waves with variable incidence angles. 21 With this technology the surface of a silicon wafer is stimulated by megasonic waves with incidence angle varying between approximately Ϫ45°and 45°.
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